Abstract. Due to frequent phosphoinositide 3-kinase (PI3K)/AKT/mammalian target of rapamycin (mTOR) signaling pathway dysregulation, AKT is typically accepted as a promising anticancer therapeutic target. mTOR, in particular, represents a suitable therapeutic target for hepatocellular carcinoma, whilst suppressor with morphogenetic effect on genitalia family member-1 (SMG-1) is believed to serve a potential tumor suppressor role in human cancer. Despite SMG-1 and mTOR belonging to the same PI3K-related kinase family, the interactions between them are not yet fully understood. In the present study, a novel pyrrolopyrimidine-derived compound, AZD5363, was observed to suppress proliferation in liver cancer Hep-G2 and Huh-7 cells by inhibiting the phosphorylation of downstream molecules in the AKT signal pathway, in a dose-and time-dependent manner. AZD5363 activated the phosphorylation of mTOR, dependent on the liver cancer cell type, as it may have differing effects in various liver cancer cell lines. Additionally, AZD5363 also activated SMG-1 within the same liver cancer cells types, which subsequently activated the phosphorylation of mTOR. In conclusion, the present study indicates that AZD5363 inhibited phosphorylation of AKT downstream molecules, and activated phosphorylation of mTOR and SMG-1, dependent on the liver cancer type.
Introduction
Liver cancer is one of the most prevalent solid tumors worldwide, with a poor prognosis and limited treatment options available (1, 2) ; it is also the fifth most frequently diagnosed cancer and the third leading cause of cancer mortality worldwide (3) . Liver cancer is well characterized as a highly refractory disease, with high levels of tumor progression and recurrence. The prognosis of advanced hepatocellular carcinoma (HCC) remains poor and no effective systemic therapy has yet been developed (4) . The traditional treatment methods, including surgery, radiofrequency ablation therapy and chemotherapy, focus on reducing the bulk of the tumor mass, however, they are limited by drug resistance, various side effects and metastasis to other organs (5) . Thus, there is a significant requirement to expand our understanding of the molecular mechanisms underlying liver cancer in order to develop novel therapeutic strategies. Currently, targeted therapy is considered a more effective therapeutic strategy and is receiving an increasing level of attention.
AKT has a wide range of effects on cellular signaling and has been accepted as a promising anticancer target, including for the treatment of liver cancer (6) . AKT is a serine/threonine protein kinase that serves a central role in the signaling network of phosphoinositide 3-kinase (PI3K) and the mammalian target of rapamycin (mTOR). Accumulating evidence indicates that this pathway controls key cellular processes, including glucose metabolism, apoptosis, survival, cell proliferation, cell migration, transcription and angiogenesis (7, 8) . Under normal conditions, this signaling network may be activated by numerous receptors, including members of the epidermal growth factor receptor and vascular endothelial growth factor receptor families and their ligands. The importance of the PI3K/AKT/mTOR signaling pathway in liver cancer is underlined by the finding that mTOR inhibition can suppress HCC growth in vitro and in xenograft models (9) . Additionally, either the loss of phosphatase and tensin homolog deleted on chromosome 10 (PTEN) function or the overexpression/activation of AKT leads to HCC development in mouse models (10, 11 (9), with a negative feedback loop, resulting in the activation of AKT following mTOR inhibition, being observed in a variety of cancer cell lines and human tumor samples of colon and breast cancer (12) . Suppressor with morphogenetic effect on genitalia family member-1 (SMG-1) and mTOR each belong to the PI3K-related kinase (PIKK) family. Recently, the level of awareness regarding SMG-1 has increased due to evidence indicating that it is likely to be a potential human tumor suppressor gene product (13) . Several types of small molecular AKT inhibitors have been studied, including ATP-competitive protein kinase inhibitors [A-443654, GSK690693 and GDC0068 (14-16)], phosphatidylinositol-3,4,5-trisphosphate (PIP3) binding inhibitors [perifosine (17) ] and allosteric inhibitors [MK-2206 (18) ]. In order to evaluate the mechanism of AZD5363 suppression of cell proliferation and migration in liver cancer, the present study investigated the effect of AZD5363, a novel AKT inhibitor, on the phosphorylation of AKT downstream molecules, and on the SMG-1 and mTOR pathways.
Materials and methods

Inhibitor preparation
pyrimidin -4-yl) piperidine-4-carboxamide (#S8019; Selleck Chemicals, Houston, TX, USA), a novel AKT inhibitor, was prepared as a 100 mM stock solution in dimethyl sulfoxide (DMSO) and stored at -80˚C. The final concentration of DMSO was <0.5% in all the assays.
Cell culture reagents. Human liver cancer Hep-G2 and Huh-7 cell lines were obtained from Shanghai Saiqi Biological Engineering Co., Ltd. (Shanghai, China). The study protocol was approved by the Ethical Committee of the Shandong Provincial Hospital Affiliated to Shandong University. All cells were cultured in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS), 1% penicillin-streptomycin solution and 1% non-essential amino acids. All cells were maintained in a humidified incubator with 5% CO 2 at 37˚C. The structure and synthesis of the AKT inhibitor, AZD5363, has been described previously (19) .
Cell counting kit-8 (CCK-8) assay. The cell growth rate was measured using CCK-8 (Dojindo Molecular Technologies, Inc., Kumamoto, Japan). Briefly, cells seeded at 1,000-2,000/per well in 96-well plates were cultured overnight with 90 µl DMEM, containing 10% FBS, and were subsequently treated with AZD5363 at varying concentrations (5 to 30 µM) for 24, 48 and 72 h. CCK-8 One Solution Reagent (Dojindo Molecular Technologies) was added to each well according to the manufacturer's protocols. Following a total of 1.5 h in culture, the cell viability was determined by measuring the absorbance at 450 nm.
Transwell migration assay. Monolayers of serum-starved adherent cells were trypsinized (0.25% Trypsin-EDTA; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA), and 50,000 cell suspensions [counted using a cell counting board (Bio-Rad Laboratories, Inc., Hercules, CA, USA)] were placed in 200 µl serum-free DMEM into the upper well of Transwell filter apparatus (Corning Inc., Corning, NY, USA). The filter was suspended within a well of a 24-well plate (NEST Biotechnology Co., Ltd., Wuxi, China) and the lower reservoir was filled with 800 µl DMEM, containing 10% FBS. The cells were then incubated under normal conditions for 24 h. Migration assays were terminated by retrieving the filter and rubbing off non-migrated cells from the top surface, which was then treated with formaldehyde (Far Eastern Group, Laiyang, China), methanol (Far Eastern Group) and Giemsa (Beijing Seajet Scientific, Inc., Beijing, China) staining. The cells that were identified on the underside of the filter were fixed, stained with Giemsa and captured under a microscope (model no. BX51; Olympus Corporation, Tokyo, Japan) using a digital camera (Microshot MC55, Guangzhou Mingmei Photoelectric Technology Co. Ltd., Guangzhou, China). The cells were counted in 3 randomly selected fields for each chamber.
Western blot analysis. Protein was extracted in a 6-well plate, using a mixture of radioimmunoprecipitation assay (RIPA) and phenylmethylsulfonyl fluoride (PMSF) (RIPA:PMSF, 100:1; Beyotime Institute of Biotechnology, Haimen, China), and protein concentrations were quantified by the Pierce bicinchoninic acid assay kit (Thermo Fisher Scientific, Inc.). The soluble proteins (50 µg) were then subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (PAGE; Bio-Rad Laboratories, Inc.), followed by immunoblotting. The proteins were separated electrophoretically in SDS-polyacrylamide gels and transferred to negative control membranes. Subsequently, the proteins were incubated at 4˚C overnight with a primary antibody and incubated with HRP-conjugated secondary antibody at room temperature for a total of 2 h. Immunoreactivity was detected using the FluorChem E system (ProteinSimple, Santa Clara, CA, USA) according to the manufacturer's protocols. The majority of antibodies used were obtained from Cell Signaling Technology Inc. (Danvers, MA, USA), including rabbit monoclonal phosphor-mTOR (ser2448; D9C2; catalog no., 5536S; dilution, 1:1,000), rabbit monoclonal phosphor-Akt (Thr450; D5G4; dilution, 1:1,000; catalog no., 12178), rabbit monoclonal phosphor-glycogen synthase kinase 3β (GSK-3β; ser9; 5B3; catalog no., 9323; dilution, 1:1,000), rabbit monoclonal mTOR (7C10; catalog no., 2983S; dilution, 1:1,000), mouse polyclonal AKT (catalog. no., 9272; dilution, 1:1,000), rabbit monoclonal GSK-3β (27C10; catalog no., 9315; dilution, 1:1,000) and rabbit monoclonal SMG-1 (Q25; catalog. no., 4993s; dilution, 1:1,000). Glyceraldehyde 3-phosphate dehydrogenase (catalog no., TA-08; dilution, 1:1,000) was purchased from ZSGB-BIO (Beijing, China), as was the secondary monoclonal antibodies: Peroxidase-conjugated AffiniPure goat anti-mouse immunoglobulin (Ig)G (H+L; catalog no., ZB-2305; dilution, 1:1,5000) and peroxidase-conjugated AffiniPure goat anti-rabbit IgG (H+L; catalog no., ZB-2301; dilution, 1:5,000).
Statistical analysis. Statistical analysis was performed using SPSS software, version 18.0 (SPSS, Inc., Chicago, IL, USA) and GraphPad Prism software, version 5.0 (GraphPad Software, Inc., La Jolla, CA, USA). The data are presented as the mean ± standard error of the mean. The differences between groups were analyzed using one-way analysis of variance, followed by Student-Newman-Keuls post hoc test for pairwise comparison. P<0.05 was considered to indicate a statistically significant difference.
Results
AZD5363 inhibits the proliferation of liver cancer cells in a dose-and time-dependent manner.
To determine the effect of AZD5363 on cell proliferation, a panel of two liver cancer cell lines was tested for anti-proliferative sensitivity using an in vitro cell growth assay. The Hep-G2 and Huh-7 cells were exposed to AZD5363 at different concentrations, ranging from 5 to 30 µM. The cells seeded in 96-well plates were cultured overnight, and were subsequently treated with AZD5363 at varying concentrations for 24, 48 and 72 h. The cell growth rate was measured using a CCK-8 assay. A dose-dependent inhibition of cell viability was observed in each cell line ( Fig. 1A and B) . The drug concentration required for inhibition of growth in the two liver cancer cell lines was similar, functioning in a dose-and time-dependent manner. The drug concentration of the half maximal inhibitory concentration (IC 50 ) was lower when prolonging the cell exposure; when the exposure time reached 72 h, the IC 50 of the Hep-G2 cells was 18.476 µM and the IC 50 of the Huh-7 cells was 17.80 µM. In order to obtain a better inhibition curve, a higher density of Huh-7 than Hep-G2 was required. These results indicated that the AZD5363 activity was selective for the liver cancer cells.
AZD5363 suppresses liver cancer cell migration. To investigate the effect of AZD5363 on liver cancer cell migration, a Transwell migration assay was performed. The treated Hep-G2 and Huh-7 cells, were inoculated in the upper chamber with serum-free medium, whilst the lower chamber held 
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medium-containing serum. The cells were cultured for 24 h, and were subsequently treated with formaldehyde, methanol and Giemsa staining. As presented in Fig. 2 , AZD5363 significantly reduced the activity of the Hep-G2 and Huh-7 cells.
AZD5363 inhibits phosphorylation of AKT substrates.
AKT functions in cell survival signaling by phosphorylating downstream targets, with dephosphorylation of these substrates indicating the inhibition of AKT activity (19) . AKT serves a key role in glucose metabolism; its substrate, GSK3β, modulates glycogen synthesis and glucose transporter function. The present study therefore investigated whether AZD5363 inhibits the phosphorylation of AKT substrates. As expected, AZD5363 inhibited the phosphorylation of GSK3β, AZD5363 activates the phosphorylation of mTOR, dependent on liver cancer cell type. mTOR, a 289-kDa serine/threonine protein kinase, belongs to the PIKK family and is activated through the PI3K and AKT signaling pathways via phosphorylation of specific residues; once activated, mTOR mediates transcription, cytoskeleton organization, cell growth and cell survival (20, 21) . To investigate the effect of AZD5363 on the mTOR pathway, the phosphorylation levels of mTOR were analyzed. In contrast to the inhibited phosphorylation of AKT substrates, AZD5363 exhibited reduced activity in the mTOR pathway, as presented in panels of tumor cell lines in vitro. AZD5363 enhanced the phosphorylation of mTOR, however, this was only observed in the Huh-7 cells. This indicated that AZD5363 significantly stimulated mTOR signaling, but that this was dependent on liver cancer cell type ( Fig.4 and 5 ; P<0.01). 
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AZD5363 activates SMG-1, dependent on liver cancer cell type. SMG-1 and mTOR each belong to the PIKK family. Yamashita et al (22) reported that the nonsense-mediated mRNA decay (NMD) pathway was suppressed following inhibition of SMG-1. A follow-up study confirmed that the phosphorylation of up-frameshift protein 1 (Upf1), via SMG-1, is an important step required to trigger the NMD reaction (23) . Therefore, SMG-1 may combine with Upf1 to promote its phosphorylation, subsequently forming the SMG-1-Upf1-eRF1-eRF3 surveillance complex. The phosphorylation of Upfl recruits SMG-5/SMG-7 composites and leads to the degradation of nonsense mRNA (24, 25) . To investigate the effect of AZD5363 on SMG-1 in the present study, the levels of SMG-1 were analyzed. It was observed that AZD5363 promoted the expression of SMG-1 in the Huh-7 cells, but not in the Hep-G2 cells ( Fig. 6 and 7 ; P<0.01).
However, the mechanism by which AZD5363 induced SMG-1 was different from that of the AKT signaling; furthermore, it was observed that the effect became more marked with an increasing dose and time of exposure, which indicated that AZD5363 activated SMG-1 in a dose-and time-dependent manner (Figs. 6 and 7) .
Discussion
Emerging evidence supports a crucial role for the PI3K-AKT-mTOR pathway in tumorigenesis and drug resistance. Regarding the treatment of solid tumors, including liver cancer, a number of novel small molecule inhibitors that target PI3K, AKT and mTOR are currently at varying phases of drug development. However, the detailed effects that AZD5363 may exert on this signaling pathway remain an unresolved issue. In the present study, the novel AKT kinase inhibitor, AZD5363, exhibited strong specificity for the AKT kinase in Hep-G2 and Huh-7 cells. AZD5363 suppressed proliferation through the inhibition of AKT kinase activity in vitro.
Recently, numerous studies have demonstrated that AKT inhibitors may activate varying feedback loops, subsequently affecting the efficacy of AKT inhibitors, including the MAPK and HER3 pathways (26, 27) . A number of feedback loops and layers of cross-talk have been reported to connect the mTOR complex 1 (mTORC1) and PI3K/AKT pathways. The proximal mTORC1 activator, Ras homolog enriched in brain, is involved in the direct inhibition of C-Raf activity and B-Raf/C-Raf heterodimerization, highlighting the complexity of the connections among the mTORC1 and PI3K/AKT pathways (28) . In the present study, however, the mechanism by which AZD5363 induced mTOR signaling was different from that of the AKT depleted situation. It was observed that while each cell line was sensitive to AZD5363, they exhibited different reactions to the mTOR pathway. AZD5363 activated phosphorylation of mTOR only in the Huh-7 cells. Nonetheless, the explicit mechanism between mTOR and PI3K/AKT pathway activation by AZD5363 remains elusive.
A number of studies focused on the development of inhibitors of the mTOR signaling pathway are currently in progress (29) . In contrast to inhibitors of the mTOR kinase (19, 30) , a recent study has reported that AZD5363 exerts a reduced range of activity in panels of tumor cell lines in vitro, for which a drug concentration required to reduce growth rates to 50% of the maximum rate (GI 50 ) value of 3 µM was used as a cutoff; only 41 of 182 (23%) of the cell lines were sensitive to AZD5363 (31) . Furthermore, the same study also observed that these tumor types, which have a high frequency of phosphatidylinositol-4,5-bisphosphate 3-kinase, catalytic subunit α (PIK3CA) mutation and PTEN loss, appear to have more contact with AKT signaling and are sensitive to monotherapy inhibition by AZD5363. In the present study, the Hep-G2 and Huh-7 cells also exhibited differing reactions to mTOR kinase. Therefore, to determine whether the liver cancer cells have these characteristics (including HER2 amplification, RAS mutations, PIK3CA mutation and PTEN loss) is necessary. It follows that certain tumor types may be enriched for responders to an AKT inhibitor, such as AZD5363, whereas in cell types that are insensitive to a specific AKT inhibitor, targeting the AKT pathway alone is not sufficient enough to eradicate cancer.
SMG-1 is a member of the PIKK family of mammalian genes that includes mTOR, ataxia telangiectasia mutated (ATM), ATM and Rad3-related, the DNA-dependent protein kinase catalytic subunit and transformation/transcription domain-associated protein (32) . The NMD pathway has now been identified and widely exists within eukaryotic organisms as a highly-conserved RNA monitoring mechanism (33) . Although its role as an NMD effector is well recognized, SMG-1 also serves well-characterized roles in other biological aspects, including the maintenance of genomic integrity, the response to hypoxia and protection against tumor necrosis factor-α-induced apoptosis, as well as possessing essential roles in the DNA damage response, embryogenesis, the regulation of diverse genes, the regulation of lifespan and oxidative stress resistance, and the activation of p53 in response to DNA double-strand breaks (34-37). Recently, an increased level of awareness was focused on the downregulation of SMG-1 in response to promoter hypermethylation in human papillomavirus-positive head and neck squamous cell carcinoma (38) . Roberts et al (39) reported that SMG-1 heterozygous mice exhibited a predisposition to various types of cancer, including hematopoietic malignancies and lung cancer, and the development of chronic inflammation. González-Estévez et al (13) reported that SMG-1 and mTORC1 act antagonistically to regulate response to injury and growth in planarians; the study also indicated that SMG-1 is likely to be a potential human tumor suppressor gene product. Based on the studies discussed, the present study analyzed the expression of SMG-1, with a significant difference identified between the liver cancer cells. In the Huh-7 cells, when exposed to AZD5363, SMG-1 was activated in a time-and dose-dependent manner, but this was not observed in the Hep-G2 cells. With continued investigation, SMG-1 is expected to become one of the breakthrough targets in cancer treatment, possibly providing novel ideas and methods for the diagnosis and treatment of tumor-associated diseases.
mTOR is a key component of the PIKK/AKT/mTOR signaling pathway and functions as a kinase-activating molecule downstream of PIKK/AKT (12) . Despite SMG-1 and mTOR each belonging to the PIKK family, the interactions between them are not yet fully understood. In the present study, it was observed that AZD5363 activated the phosphorylation of mTOR in the Huh-7 cells, but this was not observed in the Hep-G2 cells; this indicates that AZD5363 activated SMG-1 only in the Huh-7 cells. Therefore, it can be inferred that mTOR expression is positively correlated with that of SMG-1, possibly suggesting that SMG-1 may interact with mTOR signaling in a direct or indirect manner. González-Estévez et al (13) also described near opposite roles for mTOR and SMG-1 in planarian regeneration. Altman et al (40) reported that tumor suppressor molecules may target and inhibit the mTOR pathway, resulting in regulatory effects on mRNA translation. It has also been noted that in planarian worms, SMG-1 may function as a regulator of injury and growth responses, primarily through cross-talk interactions with mTOR (13). González-Estévez et al (13) observed that SMG-1 was essential for the tight control of stem cell proliferation and differentiation caused by injury or nutrient status in planarian flatworms (Schmidtea mediterranea). The knockdown of SMG-1 in planarian flatworms, similar to the knockdown of several known human suppressors, such as PTEN or p53, leads to lethal outgrowths (13, 41, 42) . Such findings suggest that SMG-1 may serve a potential role as a tumor suppressor in human cancer.
In conclusion, extensive genetic and biochemical research may aid the clarification of the association between mTOR and SMG-1. Nevertheless, the present study has uncovered novel roles of AZD5363 that may be targeted in the treatment of liver cancer, with the investigation of the possible evolutionary conservation of these roles also likely to be advantageous.
